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ABSTRACT 

This report summarizes previous research under Contracts 
NASr-99 and NASw-884, and constitutes the final report on 
Contract NASw-1197. These contracts covered a continuing four- 
year program with the object of developing l o w  density thermal 
insulation for use at temperatures above 3000°F. 
proposals included the investigation of various means of re- 
ducing the radiation component of heat transfer at high tempera- 
tures, such as by the incorporation of thermal radiation barrier 
phases into the pores of foamed ceramic structures. These 
latter attempts were in general unsuccessful. 

The initial 

The methods proposed in the present contract for improving 
the strength of calcia-stabilized zirconia foams by zirconia 
fiber reinforcement, metallic additions, changes in particle 
size distribution and other strengtheners did not result in 
any significant increase. Change to magnesium oxychloride or 
oxysulfate bonds enabled foams to be made and sintered at 155OOC 
which exhibited room temperature strength of more than twice 
the former system and which retained their strength up to 250OoC 
hot face temperatures. Strength is directly affected by bulk 
density, and both properties can be varied by proper control 
of compositional and processing variables. 

Reconsideration of all raw thermal conductivity data led 
to the conclusion that gradients which included the heater 
temperature are subject to temperature dependent errors which 
decrease at higher temperatures. Use of longer thermal gradi- 
ents and an averaging technique permitted the construction 
of smooth average thermal conductivity curves for both calcia- 
and magnesia-stabilized foams. The use of mean temperatures 
throi~gh a gradient did not permit direct determinations for 
temperatures higher than 3700°F, but all curves converge above 
4000°F as errors in using heater temperature approach zero. 
Average co-ef f icients are given for 500°F intervals, which 
in individual specimens are often subject to variation by a 
factor of two, sometimes because of structural failure within 
the specimen. 

During the first three years of this program, K. €3. Styhr 
served as Project Engineer under the direction of P. S. Hessinger, 
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1. INTRODUCTION 

This i s  t h e  f i n a l  r e p o r t  on Cont rac t  NASw-1197, an exten- 
s i o n  of prev ious  c o n t r a c t s  NASr-99 and NASw-884.  
c o n t r a c t ,  awarded f o r  t h e  year 1965, has two s ta ted  ob jec t ives :  

The p r e s e n t  

1) Research on composite i n s u l a t i o n  leading  t o  in-  
c reased  r e l i a b i l i t y  i n  thermal  measurements. I n  

p r a c t i c e ,  t h i s  has meant developing increased  s t r e n g t h  
so  t h a t  i n t e g r i t y  w a s  maintained up t o  t h e  h ighes t  
p o s s i b l e  temperatures.  

2 )  F i n a l  de te rmina t ion  of thermal  conduc t iv i ty  of 
t h e s e  m a t e r i a l s  up t o  4500'F. 

1 
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2. TECHNICAL REVIEW 

2.1  Contract  NASr-99: Research on Low Density Thermal Insu la-  
t i n g  Mate r i a l s  f o r  U s e  Above 3000OF. 

This c o n t r a c t  and an  ex tens ion  r a n  from A p r i l  1, 1962 
through December 31, 1963. Seven q u a r t e r l y  r e p o r t s  w e r e  
i s sued  (Ref. 1.) I t s  program cons i s t ed  of t h r e e  phases: 

1) Technical review of hea t  t r a n s f e r  mechanisms and 
measurement; 

2 )  Fab r i ca t ion  of l o w  d e n s i t y ,  l o w  thermal  conduc t iv i ty  

above 3000°F, with i n v e s t i g a t i o n  of b a r r i e r  phases t o  re- 
duce t h e  r a d i a t i o n  component of h e a t  t r a n s f e r :  and 

m a t e r i a l s  f o r  use i n  space veh ic l e s  a t  temperatures 

3 )  Measurement of h e a t  t r a n s f e r  and o the r  p r o p e r t i e s  of 
t h e  s e compos it e s . 

The t e c h n i c a l  review r e s u l t e d  i n  a b ib l iography of hea t  
t r a n s f e r  phenomena; a p r e s e n t a t i o n  of t h e  theory  of thermal con- 
d u c t i v i t y ,  with equat ions ;  a summary of measurement methods and 
appara tus ;  and a d i s c u s s i o n  of t h e  p r o p e r t i e s  of m a t e r i a l s ,  and 
t h e  e f f e c t s  of i m p u r i t i e s ,  d e f e c t s ,  and pores. Subsequent re- 
f e rences  have been reviewed a s  they appeared. 

Of t h e  i n i t i a l  l i s t  of candidate  m a t e r i a l s ,  Tho2, MgO, Z r 0 2  
ar,d B e 0  have t h e  h ighes t  temperature c a p a b i l i t i e s  i n  t h a t  order.  
Ekxe-vsr, t h o r i a  i s  r ad ioac t ive ,  and has a high s p e c i f i c  g r a v i t y ;  
b e r y l l i a ,  a s  a foam, could be hazardous because d u s t  would e a s i l y  
be c rea t ed ;  and magnesia i s  suscep t ib l e  t o  hydra t ion  and i s  not  
s t a b l e  i n  reducing atmospheres o r  i n  vacuum a t  high temperatures.  
Z i r con ia ,  which must be s t a b i l i z e d  t o  prevent  d i s r u p t i o n  a t  phase 
t ransformat ion  tempera tures ,  remains a s  t h e  m o s t  a t t r a c t i v e  can- 
didate ra te r ia l .  some work was done on MgO, t h o r i a ,  and mul t ip l e  
oxides ,  i n  t h e  pre l iminary  eva lua t ion  s t a g e ,  b u t  most of t h e  work 
has  been c a r r i e d  ou t  on zirconia-base composites. 

A procedure w a s  developed t o  produce foam s t r u c t u r e s  us ing  
A f a s t - s e t t i n g  organic  l a t h e r i n g  agen t s  of t h e  g lucos ide  type. 

2 



. 

calcium su l f a t e -base  p l a s t e r  was incorpora ted  t o  r i g i d i z e  t h e  
z i r c o n i a  foam s t r u c t u r e  a t  room temperature ,  and t o  provide CaO 
a s  a s t a b i l i z e r  a t  high temperature. 

Seve ra l  methods of incorpora t ing  a b a r r i e r  phase w e r e  in-  
ves t iga t ed :  vacuum impregnation of a carbon-containing m a t e r i a l  
i n t o  t h e  pores ;  p y r o l y t i c  depos i t i on  of carbon or  metal  on to  t h e  
pore su r faces ;  i nco rpora t ion  of aromatic  hydrocarbon p a r t i c l e s  
i n t o  t h e  s l i p  t o  y i e l d  carbonaceous p a r t i c l e s  a f t e r  f i r i n g ;  in-  
co rpora t ion  of f l a k e  g r a p h i t e  i n  t h e  s l i p ;  and impregnation of 
t h e  foam wi th  s o l u t i o n s  y i e ld ing  W o r  M o  on f i r i n g .  

The measurement phase was l a r g e l y  devoted t o  t h e  success fu l  
des ign  of a thermal  conduct iv i ty  appa ra tus ,  based on t h e  r a d i a l  
h e a t  f l o w  p r i n c i p l e ,  using a c e n t r a l  h a i r p i n  h e a t e r  capable  of 
temperatures t o  a t  l e a s t  4500OF. 

Zi rconia  foams w e r e  found t o  have d e n s i t i e s  i n  t h e  range 
0.7 t o  1.3 g/cc,  or about 1 2  t o  23% of t h e o r e t i c a l .  Thermal con- 
d u c t i v i t y  curves  showed an upward s lope  from 3-5 BTv/f t2 /hr / igF  
a t  2000'F t o  10-15 a t  4000°F, f o r  z i r c o n i a  foams wi th  no b a r r i e r  
phase,  a s  compared t o  10-12 and 15-18 r e s p e c t i v e l y  f o r  85% dense 
z i r c on i a  . 

B a r r i e r  phases ,  added t o  s c a t t e r  and r e - r a d i a t e  thermal  
energy and reduce t h e  r a d i a t i v e  component of hea t  t r a n s f e r ,  w e r e  
only of l i m i t e d  success.  Carbonaceous b a r r i e r s  tended t o  ox id i ze  
du r ing  f i r i n g  o r  t e s t i n g ,  and i t  was impossible t o  form a "cloud" 
of p a r t i c l e s  which would s t a y  i n  suspension w i t h i n  t h e  pores .  
Metallic a d d i t i o n s  provided a d i f f e r e n t  s t r u c t u r e  than  was o r i -  
g i n a l l y  d e s i r e d ,  and although s l i g h t  iziprsvements i n  heat t r a n s -  
f e r  c o e f f i c i e n t  w e r e  noted i n  some c a s e s ,  t h e  same range of con- 
d u c t i v i t y  va lues  was obtained a s  w i t h  t h e  p l a i n  z i r c o n i a  foam. 

S t r e n g t h  of t h e  foams a t  high temperature was t h e  l i m i t i n g  
f a c t o r  i n  ob ta in ing  h e a t  t r a n s f e r  measurements. Few r e l i a b l e  
d a t a  p o i n t s  could be obtained hiyiier t h a n  400C)"F because nf 
c racks  opening through t h e  s i g h t  holes .  

3 



2.2 Contrac t  NASw-884: Research on Low Densi ty  Thermal Insu la-  
t i o n  M a t e r i a l s  f o r  U s e  above 3000°F. 

This c o n t r a c t  r a n  for the  ca lendar  year  1964. Four qua r t e r -  
l y  r e p o r t s  w e r e  i s sued  (Ref. 2.) I t s  o b j e c t i v e  was t o  cont inue 
t o  develop and e v a l u a t e  f a b r i c a t i o n  techniques f o r  s p e c i a l  cera-  
m i c  composite i n s u l a t i n g  ma te r i a l s  , capable  t o  t h e  4500'F range, 
Emphasis was t o  be p laced  on methods of developing p o r o s i t y  and 
in t roducing  r a d i a t i o n  barrier phases ,  and on determining e f f e c t s  
of p r e s s u r e ,  atmosphere, temperature and t i m e  on h e a t  t r a n s f e r  
c h a r a c t e r i s t i c s  , 

Varying p r o p e r t i e s  of the  z i r c o n i a  raw m a t e r i a l s ,  from ba tch  
t o  ba tch  and s u p p l i e r  t o  s u p p l i e r ,  prevented reproducib le  foam 
p r o p e r t i e s .  A r e l i a b l e  source of h igh-pur i ty ,  r e a c t o r  grade z i r -  
conia  w a s  f i n a l l y  e s t a b l i s h e d ,  and allowed foams t o  be made re- 
p r  oduc ib ly .  

Work continued on developing means of i nco rpora t ing  b a r r i e r  
phases: adding tungs ten  f l a k e  or tungsten-coated hollow spheres  
of z i r c o n i a ;  r educ t ion  of M o  or  W from molybdates or  t u n g s t a t e s  
impregnated i n t o  t h e  pores ;  add i t ion  of molybdenum d i s i l i c i d e ;  
and d e p o s i t i o n  of tungs ten  i n t o  t h e  pores  f r o m  a r educ ib le  h a l i d e  
gas, S t r eng th  w a s  improved by adding z i r c o n i a  f i b e r s  t o  t h e  com- 
posite. 

T o  a s s e s s  our method and appara tus  f o r  measuring thermal  
conduc t iv i ty ,  dense specimens of e l e c t r o n i c  grade B e 0  and A 1 2 0 3  
ceramics w e r e  a l s o  tested by two o t h e r  organiza t ions .  Our d a t a  
showed e x c e l l e n t  f i t  wi th  one of t h e  o the r  curves.  

Thermal conduc t iv i ty  curves w e r e  s i m i l a r  i n  shape and range 
of va lues  as b e f o r e ,  w i th  b a r r i e r  phase a d d i t i o n s  provid ing  i n  
s o m e  ca ses  s l i g h t l y  reduced hea t  t r a n s f e r  values .  

Molybdenum d i s i l i c i d e  add i t ions  w e r e  d e t r i m e n t a l  i n  de- 

caus ing  c racks  t o  form during t e s t i n g ,  Low r e s i s t a n c e  t o  thermal  
stresses dur ing  conduc t iv i ty  measurements cont inued t o  be a ma- 
jor o b s t a c l e  i n  ob ta in ing  values  above 4000OF. 

s t a b i l i z i n g  the z i r c o n i a  and t h e  forming Z i r C C R i u Z ?  S i l i ca te ;  

4 
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Four t e c h n i c a l  papers were presented a t  var ious conferences 
a s  a r e s u l t  of t h e  aforementioned work (Ref. 3.) 

2.3 L i t e r a t u r e  Survey: Progress r e p o r t s  on t h e  c u r r e n t  con t r ac t  
were issued f o r  t h e  f i r s t  t h r e e  q u a r t e r s  of 1965 (Ref. 4.)  

A r e p o r t  prepared under Contract  AF 33 (657)-11286 by  Ipsen 
I n d u s t r i e s ,  Inc.  , Rockford, I l l i n o i s  (Ref. 5 , )  descr ibed methods 
f o r  t h e  reproducible  manufacture of z i r con ia  and o ther  foams, 
with d e n s i t i e s  i n  t h e  range 18-45% of t h e o r e t i c a l  and good re- 
s i s t a n c e  t o  thermal shock. Their foams w e r e  s u b s t a n t i a l l y  more 
dense than our foams, and suf fered  from very l o w  s t r e n g t h  i n  re- 
l a t i o n  t o  dens i ty  (160-200 P S I  modulus of rupture ,  f o r  18-27% 
dense foam.) The thermal conduct ivi ty  c o e f f i c i e n t  was 6 t o  7 
BTU/ft /hr/in/'F a t  2600°F, t h e  maximum temperature reached. 2 

Pirogov (Ref. 6) produced a z i r con ia  foam, s t a b i l i z e d  with 
15% gypsum, i n  t h e  r e l a t i v e  dens i ty  range 35-41%. However, these 
p ieces  cracked badly on f i r i n g  and w e r e  crushed and re-cemented 
i n t o  u s e f u l  a r t i c l e s  by a zirconium s u l f a t e  chemical bond. 

Long and Barr ( R e f .  7)  developed a l ightweight  composite f o r  
radomes, from hollow alumina spheres  bonded by l i q u i d  phase s in-  
t e r i n g  using a magnesium pyrophosphate-alumina entectic.  Densi- 
t i e s  w e r e  i n  t h e  range 0.9 t o  1.4 g/cc, or about 22-35% of theo- 
re t ical .  

Sklarew ( R e f .  8) descr ibed a zirconia-base r e f r a c t o r y  coat- 
ing  bonded w i t h  ammonium di-hydrogen phosphate and fluorophos- 
phor i c  acid.  

Weber ( R e f .  9) reviewed t h e  l i t e r a t u r e  on z i r con ia ;  t h e  wide 
v a r i a t i o n  i n  compositions and p r o p e r t i e s  of commercial grades i s  
emphasized; f o r  example, Hf content  ranges from less than 100 pprn 
t o  2.4%. P r e f i r i n g  z i rconia  t o  20OO0C i n  vacuum w i l l  " b o i l  o f f "  
a l a r g e  propor t ion  of c e r t a i n  common impur i t i e s  such a s  A l ,  C a ,  
Fe and M g .  

Weber a l s o  reviews t h e  s t a b i l i z a t i o n  of z i r con ia  which i s  
Pure Z r 0 2  i s  monoclinic i n  c r y s t a l  p e r t i n e n t  t o  t h i s  program. 

s t r u c t u r e  a t  room temperature, transforming t o  t e t r a g o n a l  i n  t h e  

5 



range 1000-1200OC on heating. On coo l ing ,  t h e  t ransformation i s  
r e v e r s i b l e  b u t  shows a h y s t e r e s i s  (700-1050OC.) I n  a po lyc rys t a l -  
l i n e  body, t h i s  t ransformat ion  i s  accompanied by a volume change 
of about 9"/0 caus ing  f r a c t u r e  and f a i l u r e .  It  can be e f f e c t i v e l y  
prevented by so l id  s o l u t i o n  wi th  o the r  oxides  which form a cubic  
c r y s t a l  s t r u c t u r e  t h a t  does remain s t a b l e  wi th  changing tempera- 
tu re .  
MgO, and Y 0 a r e  t h e  m o s t  widely used. The phase diagrams show 2 3  t h a t  about 8 w t  pe rcen t  CaO, or 4 w t  pe rcen t  MgO i s  requi red  f o r  
complete s t a b i l i z a t i o n .  

Among t h e  many d i f f e r e n t  oxides  which s t a b i l i z e  Z r O 2 ,  CaO, 

Smoot and Ryan ( R e f .  1 0 )  determined t h e  l i m i t s  of i n i t i a l  
d e t e c t i o n  of t h e  cubic  phase i n  z i rconia-base systems. With 6% 
MgO a d d i t i o n ,  cubic  z i r con ia  i s  f i r s t  d e t e c t e d  a t  900OF; wi th  
C a O  and MgO together ,  a t  1000°F, b u t  wi th  3% C a O  a lone ,  a t  1500OF. 
Other a d d i t i v e s  r e q u i r e  higher percentages and/or higher  r e a c t i o n  
temperatures;  it i s  d e s i r a b l e  t o  keep t h e  percentage l o w  t o  mini- 
mize lowering t h e  l i qu idus  temperature. 

Ryshkewitch (Ref, 11) has pa ten ted  an a l t e r n a t i v e  method of 
s t a b i l i z i n g  z i r c o n i a ,  us ing  f l u o r i d e s ;  t h i s  i s  claimed t o  r e t a i n  
s t a b i l i t y  over a w i d e  temperature range. 

Smoot and Ryan a l s o  i n d i c a t e  t h a t  s o l i d  s o l u t i o n  i s  g r e a t e r  
a t  higher  temperatures ,  w i t h  e x s o l u t i o n  of t h e  t ransformable phase 
on cool ing,  This  is c o n s i s t e n t  w i th  phase equi l ibr ium considera- 
t i o n s ,  and sugges ts  t h a t  d e - s t a b i l i z a t i o n  can occur. De-stabi l i -  
z a t i o n  has i n  f a c t  been observed ( R e f s .  1 2 ,  13 ,  14,) Duwez e t  a 1  
(Ref. 1 2 )  noted t h a t  z i r c o n i a  s t a b i l i z e d  wi th  more than  16 m o l  % 

MgO r eve r t ed  t o  t h e  monoclinic form with e x s o l u t i o n  of f r e e  MgO,  
a f t e r  thermal  c y c l i n g ,  b u t  t h a t  z i r c o n i a  s t a b i l i z e d  wi th  s i m i l a r  
amounts of CaO remained as t h e  cubic  form i n  t h e  same circum- 
kances.  The impuri ty  l e v e l  of t h e  z i r c o n i a  s t a r t i n g  m a t e r i a l  w a s  
s t a t e d  t o  be "less t h a n  1%;'' b u t  t h e  i d e n t i t y  of t h e  p a r t i c u l a r  
impur i t i e s  i s  no t  d i sc losed  and it is  suspec ted  t h a t  t h i s  one per- 
c e n t  does not  inc lude  hafnium oxide. 

Buckley and Wilson (Ref. 13) noted d e s t a b i l i z a t i o n  of z i r -  
conia  r e f r a c t o r i e s ,  80% cubic  and con ta in ing  4% Ca0, in  a h e a t  
exchanger a t  Langley F i e l d ,  i n  a zone s u b j e c t  t o  thermal  cyc l ing  
between 1600-2000°F. When t h e  o r i g i n a l  r e f r a c t o r y  had been iOO% 
c u b i c ,  presumably because of higher  CaO c o n t e n t ,  it was not  
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a f f e c t e d  by thermal  cycl ing.  The au tho r s  p o s t u l a t e  t h a t  volume 
changes dur ing  inve r s ion  cause mechanical p re s su re  on neighbor- 
i ng  g r a i n s ,  favoring expuls ion of t h e  l a r g e  Ca ions  from s o l i d  
s o l u t i o n  i n  t h e  l a t t i c e .  

Smoot and Whittemore ( R e f .  14) confirm t h a t  z i r c o n i a  which 
i s  n o t  wholly s t a b i l i z e d  w i l l  p a r t i a l l y  r e v e r t  t o  a d d i t i o n a l  
monoclinic phase on thermal cyc l ing ,  whereas f u l l y  s t a b i l i z e d  
z i r con ia  remains wholly cubic.  They conclude t h a t  t h i s  i s  no t  
due t o  expuls ion of Ca ions  b y  mechanical p r e s s u r e ,  b u t  t h a t  im- 
p u r i t i e s  having a g r e a t e r  a f f i n i t y  f o r  CaO than  f o r  Z r 0 2  w i l l  re- 
ac t  t o  form Ca-compounds and removes Ca frorn t h e  l a t t i c e .  This  
has been confirmed by Hayashi and co-workers i n  Japan ( R e f .  15;) 
they  reported t h a t  s i l i c a ,  alumina and t i t a n i a  r e t a r d  t h e  forma- 
t i o n  of cubic  Ca-Zirconia, and t h a t  S i 0 2  w i l l  d e s t a b i l i z e  cubic  
z i r c o n i a  by  combining wi th  tne CaO. 

The s t a b i l i t y  of " s t a b i l i z e d "  z i r c o n i a  can ,  t h e r e f o r e ,  be 
a f f e c t e d  by t h e  amount and i s e n t i t y  of t h e  s t a b i l i z i n g  agen t s  
and o the r  non- s t ab i l i z ing  i m p u r i t i e s ,  and t h e  temperature  l e v e l s  
through which it must be cycled.. 
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3 .  EXPERIMENTAL WORK 

. 

3 - 1  Research Toward Increased R e l i a b i l i t y  

Four approaches w e r e  suggested i n  t h e  work s ta tement  a s  a 
means of i nc reas ing  t h e  s t r e n g t h  of z i r c o n i a  foams t o  a l low 
g r e a t e r  r e l i a b i l i t y  i n  h e a t  t r a n s f e r  measurements: 

1) Reinforcement of t h e  composite wi th  p o l y c r y s t a l l i n e  
s t a b i l i z e d  z i r c o n i a  fibers; 

2) Inco rpora t ion  of m e t a l l i c  zirconium; 

3) Optimizat ion of p a r t i c l e  s i z e  d i s t r i b u t i o n ;  

4)  Developmenr; of m e t a l l i c  coa t ings  and s t rengtheners .  

3 -1 .1  Reinforcement wi th  Zi rconia  Fibers 

The concept of f iber reinforcement has  been most success- 
f u l l y  app l i ed  t o  p l a s t i c s ,  where f ibe r -g l a s s - r e in fo rced  laminates  
f i n d  even household use. Extensions t o  metal  and ceramic mat r i -  
ces w i t h  c a p a b i l i t y  f o r  higher use temperatures have a l s o  been 
explored ,  b u t  commercial a p p l i c a t i o n s  have been l i m i t e d .  

F ibrous m a t e r i a l s  have an inhe ren t  advantage a s  r e i n f o r c i n g  
media because of t h e i r  high s t rength .  T h i s  i s  due t o  t h e i r  sur-  
f a c e  p e r f e c t i o n  and freedom from flaws (Ref. 1 6 , )  so t h a t  t h e  
t e n s i l e  s t r e n g t h  of a f i b e r  i d e a l l y  approaches t h e  t h e o r e t i c a l  
or c h e ~ i z a l  bond s t reng th  of the ma te r i a l .  

Accordingly it was f e l t  t h a t  fiber reinforcement of foam 
s t r u c t u r e s  should be inves t iga ted .  However, t h e  mic ros t ruc tu re  
of a ceramic foam makes t h i s  i n h e r e n t l y  a d i f f e r e n t  problem than  
t h a t  encountered i n  r e i n f o r c i n g  a dense body, where a s t rong  
=end zlcciirs between fiber and matrix. Whereas dense f i b e r -  
r e i n f o r c e d  composites a r e  gene ra l ly  sys tems of two c o n t r a s t i n g  
phases ,  a foam f o r  r e f r a c t o r y  i n s u l a t i o n  should be single-phase 
f o r  maximum temperature  c a p a b i l i t y  i n  ox id i z ing  atmospheres, 
M e t a l l i c  or  carbon f ibers  m i g h t  provide e x c e l l e n t  reinforcement 
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b u t  would oxid ize  and be destroyed a s  u s e f u l  fibers. Fibers 
of oxides would su rv ive  oxida t ion ,  b u t  would r e a c t  w i t h  t h e  ma- 
t r i x  oxide,  i f  d i f f e r e n t ,  t o  form in te rmedia te  compounds o r  eu- 
tect ic  l i q u i d s  and e i the r  des t roy  t h e  foam s t r u c t u r e  o r  l i m i t  
i t s  maximum u s e f u l  temperature. Z i rconia  f i b e r s  a r e  t h e r e f o r e  
t h e  only l o g i c a l  choice t o  r e i n f o r c e  a z i r c o n i a  foam f o r  in-  
c reased  s t r e n g t h  a t  high temperature. 

Zirconia  f i b e r s  a r e  a v a i l a b l e  from t h e  H. I. Thompson Fiber 
Glass Company and have been descr ibed ( R e f .  17 . )  A supply of 
"A" grade,  s t a b i l i z e d  w i t h  5 % CaO, was obtained f o r  t h i s  study. 

A spectrochemical  a n a l y s i s  i s  given i n  R e f .  17 (page 9 , )  and i s  
reproduced a s  Table I ,  s i n c e  it i s  be l i eved  t o  be r e p r e s e n t a t i v e  
of t h e  m a t e r i a l  purchased. 

F igure  1 i s  a photomicrograph of these fibers. Diameters 
a r e  i n  t h e  range 2-10 microns; according t o  t h e  manufacturer,  
t h e s e  fibers a r e  p o l y c r y s t a l l i n e .  Length-to-diameter r a t i o  i s  
g e n e r a l l y  very high. Many fibers a r e  more t h a n  1000 microns 
long and t h e y  a r e  very f l e x i b l e .  N o  t e n s i l e  s t r e n g t h  d a t a  w e r e  
g iven i n  Ref. 17. 

The meaningful d a t a  obtained i n  t h i s  phase of t h e  i n v e s t i -  
g a t i o n  a r e  summarized i n  Table 11. Small a d d i t i o n s  of z i r c o n i a  
fibers have no s i g n i f i c a n t  e f f e c t  on s t r e n g t h ;  however, a 5% 
fiber a d d i t i o n  apparent ly  does b r i n g  about a s i g n i f i c a n t  increase .  

Other simultaneous e f f e c t s  a r e  a l s o  noted. I n  s e r i e s  16-269, 
t hose  wi th  2% d e x t r i n  gene ra l ly  have h igher  s t r e n g t h s  than  those  
w i t h  only 1% dex t r in .  F i r ing  t o  180OOC produces a s t r o n g e r ,  b u t  
a l s o  dense r ,  foam than  f i r i n g  t o  i550"C. Therma l  ccnductivities 
of t h e  two samples measured show s l i g h t  b u t  perhaps non-s igni f icant  
d i f f e r e n c e s  (Ref. 4, ) 

Although t h i s  method of s t r eng then ing  gave a p o s i t i v e  ef-  
fect  a t  t h e  5% l e v e l ,  r e s u l t s  w e r e  not  s u f f i c i e n t l y  encouraging 
t o  a l low thermal  conduct iv i ty  measurements riiizh abm7e 41!30°Fe 
As a high-temperature s t r eng thene r ,  t h e r e f o r e ,  t h i s  method d i d  
n o t  s a t i s f y  t h e  requirements of t h i s  program. 
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TABLE I 

SPECTROCHEMICAL ANALYSIS OF ZIRCONIA "A" FIBERS 

Si02 0.15% 

A1203 0.04 

Ti02 0.06 

B203 N i l  

C a O  4- 6 

CUO Trace 

Hf02 1.4 

FeO 0.07 

N i O  0.04 

Z r 0 2  92-94 

La t t i ce  Parameter: 5.156 a.u. 

(Source: Reference 1 7 )  

10 



Figure 1. Photomicrograph of 

Zirconia "A" Fibers 

(Transmitted L i y i i t ,  26OX) 
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3.1.2 Incorpora t ion  of Meta l l i c  Zirconium 

Zirconium metal incorporated i n t o  a z i r c o n i a  foam would be 
oxidized during f i r i n g  t o  produce more zirconium dioxide.  Two 
a l t e r n a t i v e  mechanisms a r e  suggested f o r  i nc reas ing  t h e  s t r e n g t h  
of such a foam: 1) t h e  z i r con ia  so formed would grow a s  needles 
or f i b e r s ,  e f f e c t i v e l y  causing a reinforcement according t o  t h e  
preceding d iscuss ion;  o r ,  2) ox ida t ion  would form i n  a more "ac- 
t i v e "  z i r con ia  s i n t e r i n g  more r e a d i l y  t o  t h e  pre-ex is t ing  par- 
t i c les ,  forming a s t ronger  ceramic bond. 

A supply of zirconium metal powder was t r e a t e d  by t h e  gradual  
i n t roduc t ion  of a i r  t o  form a t h i n  oxide l a y e r  on i t s  s u r f a c e ,  
p r o t e c t i n g  it a g a i n s t  pyrophoric oxida t ion  during handling a t  room 
temperature. 

Compositions made according t o  t h e  ' 'standard" formula 
(16-269-1, Table 11) b u t  w i t h  10  p a r t s  by weight of t r e a t e d  z i r -  
conium metal  powder added, did not  foam o r  f i r e  w e l l .  Only one 
sample (16-268, with 10 p a r t s  Z r  m e t a l  and 3 p a r t s  Z r 0 2  f i b e r s )  
w a s  processed f a r  enough f o r  t e s t i n g ;  i t s  dens i ty  was 1.01 g/cc, 
and i t s  modulus of rupture  only 63 p s i .  These va lues  show no 
improvement i n  p r o p e r t i e s ,  and because of t h e  high cost of z i r -  
conium m e t a l ,  f u r t h e r  w o r k  on t h i s  method w a s  abandoned. 

3.1.3 Optimization of P a r t i c l e  S i z e  D i s t r i b u t i o n  

A t h i r d  p o s s i b l e  means of i nc reas ing  t h e  s t r e n g t h  of a foam 
s t r u c t u r e  i s  t o  vary  t h e  par t ic le  s i z e  d i s t r i b u t i o n  of t h e  mat r ix  
riiatsrial. T h i s  may he ?one by m i l l i n g  t h e  r a w  m a t e r i a l s  and 
varying t h e  propor t ions  of as-received and mi l led  powder. Varia- 
t ions i n  m i l l i n g  a s  w e l l  as  i n  raw m a t e r i a l  source,  a r e  ou t l ined  
i n  Table 111. The r e s u l t s  do no t  i n d i c a t e  any p a r t i c u l a r  e f f e c t  
which can be a t t r i b u t e d  t o  lo t - to- lo t  v a r i a t i o n  of t h e  "A" brand 
z i r c o n i a ,  although t h e  use of 50 p a r t s  mi l l ed  powder r e s u l t e d  i n  
an a~jparefit stren.;th Ificrease. This s t r e n g t h ,  however, i s  w i t h i n  
t h e  range of v a r i a t i o n  f o r  foams made a t  d i f f e r e n t  t i m e s  and i s  
n o t  considered a s i g n i f i c a n t  improvement. 

The e f f e c t s  of p a r t i c l e  s i z e  v a r i a t i o n  a r e  no t  n e c e s s a r i l y  
t h e  same i n  a foam s t r u c t u r e  a s  i n  t h e  s i n t e r i n g  of a dense body. 
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With t h e  l a t t e r ,  each p a r t i c l e  i s  surrounded on a l l  s i d e s  by 
o the r  par t ic les ,  and t h e  increased number and su r face  a rea  of 
c o n t a c t s  between p a r t i c l e s  due t o  a reduced average p a r t i c l e  
size may improve s t rength .  I n  a foam, however, each p a r t i c l e  
may have only a few p o i n t s  of contac t  with o t h e r  p a r t i c l e s ,  and 
because r e a l  s i n t e r i n g  i s  not  achieved o r  d e s i r e d ,  t h e  con tac t  
area between par t ic les  does not apprec iab ly  inc rease ,  Since 
s t r e n g t h  of a porous body i s  r e l a t e d  p r i m a r i l y  t o  t h e  number and 
area of i nd iv idua l  bonds, i t  i s  no t  s u r p r i s i n g  t h a t  a major i m -  
provement i n  s t r e n g t h  of a foamed ceramic does not  t a k e  p l ace  by 
p a r t i a l  s u b s t i t u t i o n  of a f i n e r  powder. 

Thermal conduc t iv i ty  measurements w e r e  l i m i t e d  t o  3900-4100°F, 
because of l o w  r e s i s t a n c e  t o  t h e r m a l  stress a t  t h e s e  high tempera- 
t u re s .  The c o e f f i c i e n t s  a t  3500OF a r e  i n  t h e  same range a s  be- 
fore (Ref. 4 ) .  

3.1.4 Addit ion of Strenqtheners  

3.1.4.1 Orqanic Binder Systems: These z i r c o n i a  foams w e r e  
formulated using 1 t o  2% d e x t r i n  and 2% polyvinyl  

a l c o h o l  s o l u t i o n  a s  t h e  organic  b inde r  system (Tables I1 - 111). 
Dext r in  i s  a gene r i c  name given t o  a family of water-soluble col- 
l o i d a l  s t a r c h  or vege tab le  gum powders of unce r t a in  formula. Va- 
r i o u s  brands a r e  comnercial ly  a v a i l a b l e ;  NADEX 791  was used i n  
t h i s  program. Polyvinyl  a lcohol  (PVA) i s  a water-soluble synthe- 
t i c  r e s i n  made by t h e  hydro lys is  of po lyvinyl  a c e t a t e ,  Again, no 
s p e c i f i c  chemical formula can be ass igned ,  s i n c e  these  a r e  poly- 
m e r s  w i t h  wideiy v a r y i n g  c h z r a c t e r i s t i c s :  t h e  s p e c i f i c  brand used 
he re  w a s  DuPont No. 70-005 a s  a 17% s o l u t i o n  i n  water. 

I n  an i n i t i a l  series of t r i a l s ,  Table I V ,  t h e  propor t ions  of 
d e x t r i n ,  PVA and p las te r  w e r e  va r i ed  and t h e  e f f e c t s  noted i n  a 
q u a l i t a t i v e  way by judging the "hardness" of t h e  foam s t r u c t u r e  
a f t e r  f i r i n g .  I n  a genera!. way it might be concluded t h a t  2% 
d e x t r i n  i s  better than  1%, t h a t  4% PVA i s  too  much, and t h a t  20% 
p l a s t e r  i s  too much. 

The r e s u l t s  of a more systematic  i n v e s t i g a t i o n  of t h e  e f f ec t s  
of vary ing  t h e  l e v e l s  of d e x t r i n  and PVA a r e  given i n  Table V, 
On t h e  basis of s m a l l e s t  pore s i z e ,  N o s .  3 ,  7 ,  8 and 9 a r e  t h e  
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TABLE IV 

Qualitative Estimation of Binder System 

Code 16-- 253-1 253-2 253-3 253-4 253-5 

Plaster, g* 15 15 15  15 20 

Dextrin, g* 1 0 1 2 1 

Foaming Agent, cc * 6 6 6 6 6 

PVAj CC* 2 4 4 2 2 

Water, cc* 100 100 100 100 100 

"Hardness 'I 
Very 

Fair Good Good Best Good 

Firing Temp. OC 1550 1800 

Density , g/cc 0.79 0.93 

Strength, p s i  123 292 

'kper 100 grams or' Z r G 2  pmdzr 
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best; on t h e  basis of lowest f i r e d  d e n s i t y ,  Nos. 2 ,  3 ,  4, 5 and 9 
are t h e  best; and on t h e  basis of s t r e n g t h ,  N o s .  1, 3 ,  9 and 10 a r e  
t h e  best. No. 3 and NO. 9 are e x c e l l e n t  i n  a l l  t h r e e  respects. 
PVA i n h i b i t s  moisture  removal during a i r  d ry ing  a t  room temperature ,  
a s  noted from high moisture  loss i n  oven drying;  it a l s o  tends  t o  
inc rease  green and f i r e d  density.  I t  can be e l imina ted  wi th  no ad- 
ve r se  e f f e c t s :  i n  f a c t ,  f r o m  No. 1, t h e  absence of any b i n d e r s  has 
n o t  r e s u l t e d  i n  any loss of f i r e d  s t rength .  

3.1.4.2 Zirconium Diboride: Of t h e  r e f r a c t o r y  ca rb ides  I 

r e s i s t ance .  Work on another  con t r ac t  (Ref. 18) showed t h a t  Z r B 2  
w i l l  resist oxida t ion  f o r  a s  much a s  t e n  t o  twenty minutes while 
hea t ing  t o  1900OC. 

b o r i d e s ,  and n i t r i d e s ,  Z r B 2  has the  best oxida t ion  

Foam s t r u c t u r e s  w e r e  made from Z r 0 2  modified wi th  10% ZrB2 
add i t ion ,  and from zirconium d ibor ide  alone (Table V I ) .  Specimens 
of bo th  w e r e  f i r e d  a t  1100O and 1 7 O o 0 C ,  and i n  a l l  ca ses  oxida t ion  
was almost complete. T h i s  ox ida t ion  produced p r imar i ly  monoclinic 
Z r 0 2  a t  1100O which became l a r g e l y  cubic  a t  1 7 O O 0 C ,  e i t h e r  by re- 
a c t i o n  wi th  CaO from t h e  p l a s t e r  and/or by s o l u t i o n  of €3 0 i n  t h e  
l a t t i ce .  A l l  four  foams were s t r u c t u r a l l y  weak, i n d i c a t i n g  t h a t  
t h i s  type  of ox ida t ion  does not improve s t r eng th .  

2 3  

The l o w  r e s i s t a n c e  t o  oxida t ion  of t h e  ZrB2 i n  t h e s e  foams i s  
a t t r i b u t e d  t o  t h e  porous s t r u c t u r e  and l a r g e  su r face  a rea .  I n  a 
dense specimen of Z r B  the  formatien of an ou te r  c o a t i n g  of oxide 
would be expected t o  i n h i b i t  oxidat ion of t h e  i n t e r i o r ,  b u t  i n  a 
foam a l l  p a r t i c l e s  a r e  equal ly  a c c e s s i b l e  t o  t h e  a i r .  

2 '  

' ------I -..t,ll ; r ,  "->+-inn 3.1.4.3 M e t a l l i c  Coatings: A contiriuuus 1 1 1 F : ~ a ~ ~ ~ ~  

throughout the  foam s t r u c t u r e  may conceivably o f f e r  
a s t r eng then ing  e f f e c t  because of t h e  d u c t i l i t y  of t h e  m e t a l l i c  
phase. The possible addied b e n e f i t s  a s  regards  i t s  r ad ia t ion -  
s c a t t e r i n g  c h a r a c t e r i s t i c s  have been d iscussed  i n  prev ious  c o n t r a c t  
r e p o r t s  (Refs. 1, 2 ) .  

Three specimens (Table VII) w e r e  coated w i t h  molybdenum by 
t h e  decomposition and reduct ion of a depos i t  of ammonium molybdate 
so lu t ion .  t 

Thermal conduc t iv i ty  readings w e r e  obtained only t o  hot  f a c e  
temperatures  i n  t h e  range 3400-3800°F (Ref. 4 ) .  Again these  s t r u c -  
t u r e s  d i d  not  have s u f f i c i e n t  r e s i s t a n c e  t o  thermal  s t ress  t o  
a l low measurements t o  t h e  des i r ed  l e v e l  of 4500'F. 
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TABLE VI 

Experiments w i t h  Zirconium Diboride 

Code No. - 
Zr028 g 

ZrB2, -325 mesh 

Plaster ,  g 

16-261-1 16-261-2 

100 0 

10 

15 

100 

15 

Dextrin, g 2 2 

Foaming Agent, cc  6 6 

Water, cc  100 100 

Firing Temps., OC 1100 1100 
1700 1700 
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TABLE VI1 

Code No.- 

MOLYBDENUM COATINGS 
(Decomposition of Ammonium Molybdate) 

16-264-1 16-264-2 16-266 

Reinforcement -- 10% Z r  Metal -- 2% Z r 0 2  fibers 

Coating method Suspension S o l u t i o n  S o l u t i o n  
pa in t ed  onto soaked i n t o  soaked i n t o  
outer  surf ace pores  pores  

Estimated Molybdenum 
Content 0.05 1.0 1.0 

Coated d e n s i t y ,  g/cc 0.83 0.73 0.81 
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C o d e  No. - 34-4-1 34-4-2 34-10-1 34-10-2 34-11-1 

-- -- -- Ethy l  s i l i c a t e ,  %# 3.5 7.0 

-- 3.5 3.5 3.5 S i l i c a  sol, %* -- 

( a s  wt.% s i O 2 )  1.0 2 . 0  1.0 1.0 1.0 

Dried S t r eng th  very very  
f r a g i l e  f r a g i l e  -- -- 

Green d e n s i t y  -- -- 0.86 1.2 1.0 

'Tetraethyl O r t h o s i l i c a t e :  

*n..cA... D ~ L ~ ~ ~  ~ ~ = ~ a  -&-..-: Monsanto Chemical C o .  No. P-50 

Matheson, Coleman & B e l l ,  No.  TX-275 
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3.1.4.4 C o l l o i d a l  S i l i c a  Bond Systems: Co l lo ida l  s i l i c a  bond- 
ing  systems a r e  w e l l  knuwn i n  t h e  investment c a s t i n g  

indus t ry ,  p rovid ing  a hard,  s t rong  ceramic mold af ter  a room-tempera- 
t u r e  cu re  of a f e w  hours. Various p r o p r i e t a r y  c o l l o i d a l  s i l i ca  s o l s  
are a v a i l a b l e ,  such as Monsanto's SYTON brand (Ref .  1 9 ) j  these are 
suspensions of amorphous s i l i ca  p a r t i c l e s ,  i n  t h e  s i z e  range 100-400 
Angstrom u n i t s  , d i spe r sed  i n  water a t  typical concen t r a t ions  'of t h e  
order of 3 0 4 0 %  Si02. U s e d  i n  a ceramic bonding system, it forms a 
si l ica g e l  on dry ing  which a c t s  as a room-temperature adhesive. ,  

The o the r  type of c o l l o i d a l  s i l i ca  bond i s  der ived  from t e t r a -  
e t h y l  o r t h o s i l i c a t e  ( " e t h y l  silicate" (C2H5)4 SiO4). 
cohol ,  it is  hydrolyzed w i t h  add i t ion  of w a t e r  t o  form a c o l l o i d a l  
s i l i ca  which bonds adhes ive ly  on dry ing  as above. T h i s  s e t t i n g  a c t i o n  
is  accelerated by ammonia and by carbon dioxide.  

So lub le  i n  a l -  

A series of a t t empt s  w a s  made t o  form a c o l l o i d a l  s i l i c a  a i r -  
se t t ing bond i n  z i r c o n i a  foam. The r e s u l t s  are t abu la t ed  i n  Table VIII. 
Ammonium bicarbonate w a s  t r ied a s  an a c c e l e r a t i n g  agent because it 
gene ra t e s  bo th  ammonia and C02. The r e s u l t s  w e r e  no t  encouraging. 
Those wi th  e t h y l  s i l icate  were very f r a g i l e ,  and t h e  foams co l l apsed  
on f i r i n g .  The three us ing  s i l ica  sol bond d id  not  foam w e l l  and 
w e r e  lumpy i n  t ex tu re .  

S ince  t h i s  method a l s o  in t roduces  i n t o  the  system s i g n i f i c a n t  
q u a n t i t i e s  of s i l i ca  which forms a l i q u i d  phase a t  1775OC w i t h  z i r -  
con ia ,  no f u r t h e r  work w a s  warranted. 

3.1.4.5 Bonding and S t a b i l i z a t i o n  by Magnesium Compounds: 
S ince  t h e  genera l  l e v e l s  of s t r e n g t h ,  d e n s i t y  and 

thermal  conduc t iv i ty  of z i r con ia  foairia s t z 5 i l i z e d  by calcium oxide 
had been thoroughly explored w i t h  l i t t l e  p rospec t  of major improve- 
ment, it w a s  necessary  t o  study o the r  bond systems which would a l s o  
s t a b i l i z e  t h e  z i r con ia .  Calc ia  had been added as p l a s t e r  of P a r i s  
(calcium s u l f a t e  hemihydrate) forming a hydrau l i c  bond and then  de- 
comnosinq * on f i r i n g  t o  y i e l d  CaO which formed a s o l i d  s o l u t i o n  wi th  
z i r con ia .  The hardening is re la t ive ly  rapid, however, SO t h a t  proper  
mixing t i m e s  f o r  t h e  formation of a 
s t r u c t u r e  could not  be a t ta ined .  

Other ox ides ,  such a s  MgO and 
i n  t h e  cubic form. S ince  M g O  forms 
s u l f a t e  cements i n  combination w i t h  

f i n e ,  rather than  coa r se ,  bubble 

Y203, a l s o  s t a b i l i z e  z i r c o n i a  
complex oxychlor ide and oxy- 
M g C 1 2  o r  MgSOq(the former be ing  

22 



t h e  so-cal led "Sore1 cements") I t h i s  suggested a means of achiev- 
ing a foam s t r u c t u r e  which would n o t  set a s  r a p i d l y  a s  t h e  p l a s t e r  
and which would form a magnesia-s tabi l ized z i r c o n i a  phase. 

I n i t i a l  experiments (Table IX) showed t h a t  d e n s i t y  and s t r e n g t h  
l e v e l s  comparable t o  those  of t h e  l ime- s t ab i l i zed  foams could e a s i l y  
be produced wi th  MgO and M g C 1 2 .  
proper r a t i o  of MgO t o  M g C 1 2  and t h e  best type  of MgO, w e r e  then  
undertaken (Table X) .  United Mineral  and Chemical Corp. MgO (NO, 6) 
w a s  s e l e c t e d  f o r  t r ia ls  because it hardened reasonably s lowly,  and 
because of i t s  high p u r i t y .  O t h e r  sources  of MgO might w o r k  j u s t  as 
w e l l .  For every gram of MgO puwder, 1 cc of 1.23 s p e c i f i c  g r a v i t y  
M g C l ,  s o l u t i o n  (20% MgC12) w a s  added t o  t h e  batch.  

Some experimentat ion t o  determine 

The r e s u l t s  are l i s t e d  i n  Table n. Foaming a c t i o n  was excel-  
l e n t  and mixing could be continued a s  long as necessary t o  e l i m i n a t e  
l a r g e  bubbles. Dex t r in  was added t o  m o s t  ba t ches  a s  an  a i d  i n  re- 
t a i n i n g  m a x i m  foam volume dur ing  t h e  i n i t i a l  stages of hardening. 
I n  m i x  No, 34-14-18 only 67 cc. of water  was added f o r  100 g. of 
Z r 0 2 ,  r e s u l t i n g  i n  a t h i c k  b a t t e r  and a very w e a k  f i r e d  s t r u c t u r e .  
I n  t h e  m o r e  dense mixes, huwever, us ing  a r a t i o  of 100 cc. water t o  
100 g. Z r O Z 8  t h e  s t r e n g t h  was much improved, by f a c t o r s  of 4 t o  1 2  
over t h e  plaster-bonded foams. 

F igure  2 shows t h a t  dens i ty  of Mg-stabil ized foams i s  d e f i n i t e l y  
related t o  s t r eng th .  Nos. 34-21 and 34-23 w e r e  poured i n t o  l a r g e r  
h o r i z o n t a l  m o l d s  f r o m  which f i r e d  p i e c e s  approaching t h e  s i z e  of a 
brick w e r e  recovered (Fig. 3) . This  demonstrates  t h e  f e a s i b i l i t y  
of c a s t i n g  larger shapes. 

A J A A A 3 . L -  -< - - la  G n a m  ----.. h a s  ---- so far been made us ing  t h e  oxysu l f a t e  bond 
( T a b l e  XII) w i t h  e q u a l l y  promising r e s u l t s .  

A f u r t h e r  series of foams has  been made s i n c e  t h e  l a s t  quar- 
t e r l y  report (Table XIII) t o  i n v e s t i g a t e  t he  effects of changing 
t h e  amount of w a t e r ,  t h e  amount of foaming agen t ,  t h e  amount and 
propertisiis of M p  azd --a- M o C l - .  - L  - and t h e  rate of drying. A duplica-  
t i o n  of p a r t  of t h i s  series (Table XIV) w a s  i d e n t i c a l  except  t h a t  
a d i f f e r e n t  l o t  of t h e  Z r 0 2  powder was s u b s t i t u t e d ;  t h e  correspond- 
i n g  s t r e n g t h s  and d e n s i t i e s  w e r e  much lower. 

S e v e r a l  conclus ions  can be drawn f r o m  t h e s e  series of exper i -  
ments (see Table X V ) :  

1) Raw m a t e r i a l  v a r i a t i o n  i s  s t i l l  a source  of u n c e r t a i n t y  i n  
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0 Ind iv idua l  Values I 
Averages, Table XV I 

i .  

Density , g/cc 
Figure  2. Strength  vs. Density of 

MgO-stabilized Zirconia  Foams 
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TABLE IX 

Magnesium Oxychloride Bonding Experiments 

Code # 

M o l  Ratio Mgo 
R r 1 2  

34-4-3 34-4-4 34-4-5 

2.35 4.6 2.35 

I % Equivalent MgO 2 . 1  2.4 4.3 

% Foaming Agent 6 6 6 

% Moisture Loss 18 2 6  25 

I Density,  g/cc 
Air-dr ied  0.30 0.30 0.30 

Oven-dr ied  0.28 0.28 0.27 

Fired 155OOC 0.87 0.77 Distorted 

Modulus of Rupture, 
P S I  (Fired 1550OC) 76 7 9  

34-4-6 

4.6 

4.8 

6 

2 4  

0.30 

0.26 

Distorted 

NOTE: Zirconia-base composition 
MgO: Whittaker, Clar$ and Daniels,  #310, Heavy, U.S.P. 
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TABLE X 

MAGNESIUM OXYCHLORIDE SETTING TIMES 

Source of MgO 
(see Note) 

1. F i s h e r  , e l e c t r o n i c  
grade I b o i l e d  i n  
w a t e r  18 hrs .  t o  
form hydioxide 

2, Mg. N i t r a t e ,  MCB 
WB488 

4. WCD, #1323 

Mol R a t i o  
MqOhqC1 Hardening Time 

5.1 P l a s t i c  a f t e r  24 hrs .  

1.15 Liquid a f t e r  24 h r s .  

7.4 Hardened 24 hrs .  , bu t  
l i q u i d  l a y e r  on t o p  

7.4 Hardened 24 h r s . ,  
i n i t i a l l y  tacky 

5. WCD, USP Heavy 7.4 

6. UMC, 99.96% pure  7.4 

Same a s  4 

Same a s  4 

7. F i she r  , e l e c t r o n i c  
grade,  #M-300 3.7 Hardened 24 h r s .  

8. Mall inckrodt ,  
f i r e d  1000°C 6.3 Hardened 4-5 h r s ,  

9. Mal l inckrodt ,as  rec'a 6.3 Hardened 18 h r s ,  

10. F i s h e r ,  e l e c t r o n i c  
grade,  f i r e d  85OOC 2.0 Dried 4-5 h r s ,  

N o t e :  MCB = Matheson, Coleman and B e l l  
WCD = Whit taker ,  Clark and Danie ls ,  Inc.  
UMC = United Mineral  and Chemical Corp. 
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Code # 

Dextr in ,  w t  . % 

* 

Foaming Agent 

% Equivalent  MgO 

Max. pore s i z e ,  mm. 

% Drying Loss, 
24 hr.  @ 85°C 

Densi ty  , ' g/cc , 
a s  f i r e d  155OOC 

Modulus of rup tu re  
P S I  ( f i r e d )  avg. 

TABLE XI 

MAGNESIUM OXYCHLORIDE FOAMS 

34-13-1 34-13-2 34-14-1 34-16-1 34-16-2 34-21 34-23 

0 

6 

7.4 

3.4 

1.0 

4.0 

0.92 

437 

1.0 

6 

7.4 

3.4 

0.4 

2.0 

1.07 

3 5 0  

1.0 

6 

7.4 

3.4 

0.7 

1.7 

-- 

(weak) 

0 

6 

7.4 

3.4 

0.5 

22.8 

1.40 

823 

1.0 

6 

7.4 

2.3 

0.5 

21.9 

0.96 

719 

1.0 1.0 

6 6 

7.4 7.4 

3.4 3.4 

2.0 2.0 

-- -- 

0.94 0.76 

472 182 

Basic  formuia t ion  c o n s i s t s  of Zr02 powder ( l o t  41, wate r ,  and foaming agent ,  

P e r c e n t  a d d i t i v e s  above based on 100% Z r 0 2 .  Only 2/3 amount of water used 

i n  34-16-1. MgO was UMC, 99.96% pure. 
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- TABLE XI1 

MAGNESIUM OXYSULFATE FOAM 

Code # . 
Dext r in ,  % 

% Equivalent  MgO 

Max. pore  s i z e ,  mm. 

Densi ty ,  a s  f i r e d ,  
155OoC, g/cc 

Modulus of r u p t u r e ,  
P S I ,  avg. ( f i r e d . )  

34-18-1 

1.0 

0.104 

3.3 

0.5 

0.86 

3 7 6  

Basic  formulat ion same a s  i n  T a b l e  XI. 

2 9  
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TABLE X I V  

MAGNESIUM OXYCHLORIDE BONDING S E R I E S  (New L o t )  

18A 
C o d e  No. 34-37- 1 5 A  17A 19A 

- 1 6 A  - 14A - 

D e x t r i n ,  w t  % 1.0 1 .0  1.0 

Foaming A g e n t ,  cc 6.0 4.0 8.0 

14.8 7.4 7.4 MgO 
MgC 12 

Mol R a t i o  - 

% E q u i v a l e n t  MgO 4 . 3  3.4 3.4 

Water, cc 100 100 100 

F i r ed  a t  155OOC 

D e n s i t y ,  g/cc (1) 
M/R, PSI (1) 

D e n s i t y ,  g/cc ( 2 )  
M/R, PSI ( 2 )  

0.66 
55 

0.56 
47  

0.89 
258 

0.80 
90 

0.60 
63 

0 .  so 
3 2  

See Footnotes,  Table X I I I .  
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TABLE XV 

SUMMARY OF MAJOR EFFECTS IN OXYCHLORIDE BONDING 

I. Density VS. S t r enq th  (Tables X I 8  z 1 1 8  X I V ~  Fig. 2)  
Density Range 0. 50-0.69 0.70-0.89 0.90-1.09 1. 10+ 

No. of samples 8 9 10 2 

Avg. S t r eng th  72 149 349 553 

S t r eng th  Range 32-129 90-266 157-719 282-823 

Avg. dena i ty  0.61 0.78 0.97 1.27 

2. Equiva len t  MgO Content ( T a b l e  xIII) 
Code No. ,34-24-1#2 34-28-819 34-39-10411 

Equivalent  MgO 3.4 2.3 4.6 
Avg. dens i ty  0.72 0.85 0.76 
Avg. s t r e n g t h  197 14 8 167 

M o l  R a t i o  7. 4 3.7 7.4 14.8 

Avg. d e n s i t y  0.85 0.90 0.76 0.88 
Avg. s t r e n g t h  14 8 160 167 207 
Avg. dens i ty  0.88 0.82 
Avg. s t r e n g t h  154 187 

(Equivalent M g O )  2.3 2.6 4.6 4.3 

Foaming Agent 6.0 

Avg. s t r e n g t h  197 
Avg. density I?, ? 2  

4.0 
0.84 
174 

8.0 
0.55 
48 

5. R a t e  of Drvinq (Tables X X X X ,  XIV) 

S e r i e s  (see Footnotes t o  above Tables) 0 (2) 

Avg. d e n s i t y  
Avg. s t r e n g t h  

0.87 
212 

0.71 
91 
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making foams w i t h '  r eproducib le .  characteristics; 

2) S t r e n g t h  is  d i r e c t l y  r e l a t e d  t o  bulk  d e n s i t y  of t h e  f i r e d  
foam (Fig. 2; Table X V ) ;  

3)  The t o t a l  amount of equiva len t  MgO, over t h e  range 2-5%, 
a s  w e l l  as the r e l a t i v e  propor t ions  of MgO and MgC12, has  l i t t l e  
e f f e c t  on d e n s i t y  o r  s t r e n g t h  (Table X V ) ;  

4) Reducing t h e  water con ten t  from 100 o r  90 t o  80 cc pe r  100 g 
Z r 0 2  s i g n i f i c a n t l y  i n c r e a s e s  d e n s i t y  and s t r e n g t h  (Table X I I I ) ;  

5) Density can be increased by reducing t h e  amount of foaming 
agen t ,  and v i c e  versa ;  t h e  more foaming agent  added, t h e  g r e a t e r  t h e  
volume of foam which i s  formed (Table XIV);  

6) Drying t h e  foam by p l ac ing  it i n t o  t h e  oven immediately 
a f t e r  c a s t i n g  causes  a s i g n i f i c a n t  decrease  i n  bo th  d e n s i t y  and 
s t r e n g t h  (Table X V )  as compared t o  cu r ing  ove rn igh t  a t  room tempera- 
t u r e  b e f o r e  p l ac ing  i n t o  an oven. 

Foam t e x t u r e  may vary considerably a s  seen by t h e  naked eye or  
a t  l o w  magnif icat ion.  Most foams have a few s c a t t e r e d  pores  of t h e  or- 
der of 1 t o  3 mm. diameter.  I n  t h e  best foams t h e  average pore s i z e  
is of t h e  order  of 1/2 mm. apparent diameter with s u f f i c i e n t  s t r e n g t h  
and freedom from laminat ions  t h a t  it can be c u t  and ground t o  a rec- 
t a n g u l a r  shape r e t a i n i n g  i t s  sharp edges. A weak fDam, on t h e  o the r  
hand, may have a f i n e  pore  s t r u c t u r e  b u t  w i l l  no t  r e t a i n  sharp  edges 
or p l ane  f aces  and w i l l  have a rough or coarse  appearance. 

The mine ra log ica l  c o n s t i t u t i o n  of a t y p i c a i  oxyciiioiide-bon2ed 
z i r c o n i a  foam (No. 34-21) was determined by X-ray d i f f r a c t i o n .  I t  
w a s  found t o  c o n s i s t  of approximately 50-60% monoclinic ( u n s t a b i l i z e d )  
z i r c o n i a ,  and 40-5@4'cubic ( s t a b i l i z e d )  z i r c o n i a  with a ce l l  s i z e  of 
5.07 a.u. (Table XKt)  . N o  f r e e  magnesia was de tec ted .  These r e s u l t s  
are c o n s i s t e n t  w i th  d a t a  f o r  z i r con ia  con ta in ing  3 1 / 2 % M g O  i n  s o l i d  
s o l u t i o n .  
complete s t abi 1 i z a  t ion. 

A higher  percentage of MgO a d d i t i o n  wouid be needed fo r  
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TABLE XVI 

X-RAY DIFFRACTION PATTERN OF MqO-stabilized ZIRCONIA FOAM 

d value, a.u. 

5.04 

3.62 
3.15 

2.83 
2.61 
2.60 
2.53 
2.325 
2.21 
2.19 
2.01 
1.99 
I. 84 
1.816 
1.796 
1.691 
1,654 
1,600 
1,540 
1.531 
1,495 
1,476 
3- l - A l F 1  --- 
1.320 
1-27 
1,165 

3,675 

2.93 

Intensity 

5 
15. 
1 2  

100 
80 
65 
20 
15 
25 

5 
10 
5’ 
5 
5 

15 
25 
30 
10 
10 

5 
10 
15 

3 
5 
5 
2 
3 
3 

I d e n t i f i c a t i o n  

* M: Monoclinic Z r 0 2 ,  ASTM Card No. 7-343 

C :  C u b i c  Z r 0 2 ,  s t a b i l i z e d  w i t h  MgO; ASTM Card No. 7-337 

N u m b e r s  i n  parentheses are t h e  re la t ive i n t e n s i t i e s  
given on the  ASTM Cards.‘ 
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3.2 R e l i a b l e  Measurement of Thermal  Conduct iv i ty  t o  4500O F: 

Two o b j e c t i v e s  are implicit i n  t h i s  second major g o a l  of 
t h e  contract. 
maxburn h o t  f a c e  temperature  i n  antecedent  c o n t r a c t s  of about 410O0F; 
the second is t o  p l o t  a s i n g l e  curve and e l i m i n a t e  t h e  s c a t t e r  of 
i n d i v i d u a l  d a t a  p o i n t s  which sometimes rendered e s t ima t ion  of a 
c o e f f i c i e n t  a t  any one temperature next  t o  impossible. 

One is t o  extend the  measurements higher  t han  t h e  

3.2.1 Attainment of Tempera tures  t o  4500OF: 

The first o b j e c t i v e  was achieved by s u c c e s s f u l l y  producing 
strong z i r c o n i a  foams. Previously,  t h e  modulus of rup tu re  va lues  
associated with c a l c i a - s t a b i l i z e d  foams f i r e d  t o  155OOC were g e n e r a l l y  
less than  800 PSI ( R e f s .  1 , 2  r4 )  . Foams of h igher  d e n s i t y  and w i t h  
s t r e n g t h s  up t o  300 PSI could  be made only by f i r i n g  t o  1800OC. 
However, by bonding w i t h  magnesium oxychlor ide or oxysu l f a t e  cements, 
instead of p l a s t e r  of P a r i s ,  it i s  possible t o  produce s t r o n g  foams 
by f i r i n g  a t  only 155OOC. Table XV shows t h a t  even i n  t h e  d e n s i t y  
range 0.70-0.89 g/cc (12016% of t h e o r e t i c a l )  t h e  average modulus of 
r u p t u r e  was about 1501 PSI. T h i s  average more than  doubled when t h e  
d e n s i t y  exceeded 0.90 g/cc; t w o  very high va lues  of 719 and 823 PSI 
were a t t a i n e d  i n  one series. These l a t t e r  va lues  may r ep resen t  
s t r e n g t h  l e v e l s  a t t a i n a b l e  on a r o u t i n e  basis i f  t h e  formula t ion  
process can  be reduced to reproducib le  practice. 

These high s t r e n g t h  l e v e l s  a l low higher l e v e l s  of thermal 
stress to be absorbed without  f r a c t u r e  or excess ive  deformation of 
t h e  test  specimen dur ing  high temperature s t eady  s t a t e  cond i t ions  
of t h e  thermal  conduc t iv i ty  measurement procedure. Maximum h o t  
face temperatures  of 250OOC (4532OE) have been s u c c e s s f u l l y  a t -  
tafaed with these high-strength z i r c o n i a  foams, wi thout  r u p t u r e  
of t h e  specimen through t h e  s i g h t  ho le s ,  a l though s l i g h t  deforma- 
t i o n  d i d  occur due t o  d i f f e r e n t i a l  shr inkage  a t  t he  ho t  face.  

3.2.2 S e l e c t i o n  of B e s t  Method of P l o t t i n q  Data: 

The second objective was achieved by  cons ider ing  a l t e r n a t i v e  
methods of p l o t t i n g  data, and on the basis of p o s s i 3 h e r r o r s  iz each, 
s e l e c t i n g  one method providing t h e  m o s t  reliable thermal  conduc t iv i ty  
curves.  

3.2.2.1 A l t e r n a t i v e  Methods: The temperature  readings  taken  
a t  v a r i o u s  s teady s t a t e  cond i t ions  c o n s t i t u t e  some of 

t h e  r a w  d a t a  fed i n t o  t h e  thermal conduc t iv i ty  equation. The t y p i -  
ca l  specimen has  f i v e  s i g h t  h o l e s  d r i l l ed  t o  inc reas ing  d e p t s  w i t h i n  
t h e  concen t r i c  thermal  g r a d i e n t ,  and a t  t h e  s teady  state cond i t ion  a 
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temperature is read by optical pyrometer at the base of each hole. 
The five temperatures in increasing order are identified as T1, at 
the outermost hole nearest the cold face, through T5, at the deepest 
hole. Temperature T5 is actually the heater temperature, since the 
fifth hole is drilled through; 

In the equation, various gradients (the difference in tem- 
perature at two sight holes divided by the radial distance between 
them) can be used. For convenience, each gradient is designated 
by the two temperature values; for instance, HT5-T21' indicates 
that the gradient is determined from the difference in temperature 
between the fifth and second sight holes, divided by the difference 
in depth between them, at several different heater temperatures. 

T5 - T4 have been used to determine thermal conductivity, which 
was then plotted agahst the higher of the two temperatures. A 
number of data points were obtained in each run, but frequently the 
points were widely scattered so that a single meaningful curve could 
not be constructed. It was also noted that a curve drawn through 
paints corresponding to the T5 - T4 gradients had a significantly 
lower level of conductivity. 

In past reports, gradients T2 - TI, T3 - T2, T4 - T3 and 

In re-examining thq raw data, it was thought that much of 
the scatter could be eliminated by establishing a longer thermal 
gradient: in essence, calculating fewer, but more accurate, data 
points. Also, to conform with standard practice, the temperature 
should be reported as the mean within. the gradient, rather than 
the higher of the two. 
for consideration, and new calculations were made for gradients 
T5 - T2 and T4 - TI. 
through 14; each figure shows curves derived for the four different 
gradients. In some cases, the short gradients (T5 - T4 and T4 - T3) 
show a fair amount of scatter. 
ent (T5 - T2 and T4 - T1), it is seen that the scatter is generally 
greatly reduced so that a smooth curve can be drawn through the 
points. 
between two poinis, a greater distance apart, the reporting tem- 
perature is much lower, and it is not possible to determine thermal 
conductivity directly at temperatures close to 4500°F. 

Gradients T5 - T4 and T4 - T3 were retained 

These recalculated coefficients are plotted on Figs. 4 

However, by lengthening the gradi- 

The only disadvantage is that by using a mean temperature 

3.2.2.2 Assessment of Errors: The curves of Figs. 4-14 
using gradients in which T5 is a factor are seen 

to be at a significantly lawer level of conductivity values than 
those using T4. The heater temperature (T5) is hotter than the 
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Figure 4. Thermal Conductivity vs. Temperature, Run #76. 
(Code 16-260-1, See Table 111) 
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Figure  5. Thermal Conduct ivi ty  vs. Temperature, Run #77 
( C o d e  16-260-2, See Table 111) 
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Mean Temperature , F 

Figure  6. Thermal Conduct ivi ty  vs. Temperature, Run #78 
( C o d e  16-260-3, See Table 111) 
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Figure 70 Thermal Conductivity vs. Temperature, Runs #83 ,#84 
(Code 16-264-1,2, See Table V I I )  
84 - 83 
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Figure 8. Thermal Conductivity vs. Temperature, Run #85 
(Code 16-266-1, See Table VII) 
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Figure 9. Thermal Conduct ivi ty  vs. Temperature, Run #86 
(Code 16-270-1, See Table 11) 

T4 Gradient  T5 - 
x Gradient  T5 - T2 

+ Gradient  T4 - T3 

Gradient  T4 - T1 
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Figure 10. Thermal Conductivity vs. Temperature, Run #87 
(Code 16-271-2, See Table 111) 
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F igure  11. Thermal Conduct ivi ty  vs. Temperature, Run #90 
(Code 34-16-1. See Table X I )  
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Figure 12. Thermal Conductivity vs. Temperature, Run #91 
(Code 34-16-2, See Table XI) 
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Figure 13. Thermal Conductivity vs. Temperature, Run #93 
(Cod9 34-18-1, See Table XII) 

0 Gradient T5 - T4 
x Gradient T5 - T2 
4- Gradient T4 - T3 

Gradient T4 - TI 

46 



2000 2500 4000 

Figure 14. Thermal Conductivity vs .  Temperature, Run #94 
(Code 34-36-1, M g .  Oxychloride bond, 

density = 0.88 g/cc) 
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ad jacen t  ho t  f a c e  of t h e  concent r ic  t es t  specimen, and s i n c e  t h e  
temperature t e r m  i s  i n  t h e  denominator of t h e  thermal conducti-  
v i t y  equat ion ,  delta-T is t o o  l a r g e  and reduces t h e  apparent  con- 
d u c t i v i t y  c o e f f i c i e n t .  T h i s  e r r o r  is somewhat reduced by us ing  
t h e  longer g r a d i e n t  T5 - T 2 ,  as is  seen by t h e  higher  c o e f f i c i e n t s  
obtained wi th  t h e s e  curves. 

Other errors, such as the  a c t u a l  depth of t h e  holes  a t  t h e  
temperature of measurement (i.e. , i n  a thermally-expanded s t a t e ) ,  
and temperature losses out  t h e  ends of t h e  h e a t e r ,  a r e  assumed t o  
vary  l i t t l e  between d i f f e r e n t  specimens o r  runs and are,  the re -  
fore,  no t  detected i n  t h e  var ious  sets of curves.  

3.2.2.3 Averaqe Conduct ivi ty  Curves: The va r ious  conducti-  
v i t y  curves  were d iv ided  i n t o  two groups: z i r c o n i a  

foams s t a b i l i z e d  w i t h  c a l c i a ,  and those  s t a b i l i z e d  with magnesia. 
The basis f o r  t h i s  c l a s s i f i c a t i o n  w i l l  be d iscussed  below. Each 
curve w a s  read  a t  i n t e r v a l s  of 500OF; e x t r a p o l a t i o n s  w e r e  l i m i t e d  
t o  about 300'F a t  e i t h e r  end of t h e  curve,  t h e s e  va lues  6e ing  g iven  
i n  parentheses .  These readings ,  f o r  t h e  fou r  g r a d i e n t s ,  a r e  l i s t e d  
i n  Tables  XVII through XX. Runs 76 through 87 w e r e  on c a l c i a -  
s t a b i l i z e d  material, and Runs 90-94 w e r e  on magnesia-s tabi l ized 
z i r con ia .  

Averages for  each group are g iven  i n  t h e s e  t a b l e s .  These  
group c o e f f i c i e n t s  f o r  each g r a d i e n t  have been p l o t t e d  on Figs.  15 
and 16,  and provide very smooth curves of conductiv ' i ty vs. tempera- 
t u r e .  
e n t s  are c o n s i s t e n t  w i th  each other, i n d i c a t i n g  t h a t  t h e s e  co- 
e f f i c i e n t s  can Le rzgarikd 2 s  c h a r a c t e r i s t i c  of t h e  m a t e r i a l  it- 
s e l f .  These l a t t e r  curves a r e ,  t h e r e f o r e ,  presumed t o  provide 
t h e  " t r u e "  thermal  conduc t iv i ty  of t h e  two b a s i c  ma te r i a l s .  

I n  bo th  f i g u r e s ,  t h e  curves  f o r  t h e  T4-Tl and T4-T3 g rad i -  

On Fig .  16 i s  a curve for t h e  equat ion  

{Seat t r a n s f e r  by EadFation) = k (Abs.Temp.) 3 

such t h a t  k y i e l d s  a c o e f f i c i e n t  of 4 a t  2000OF (1366O K). Doubling 
t h e  abso lu te  temperature t o  2372' K (4458OF) m u l t i p l i e s  t h e  co- 
e f f i c i e n t  by e i g h t .  This  equat ion inco rpora t e s  t h e  effect  of r a -  
d i a t i o n  a s  a component of hea t  t r a n s f e r .  On log/log paper ,  t h i s  
cu rve  would be a s t r a i g h t  l i n e  wi th  a s lope  of 3; observed s lopes  
are closer t o  2. 
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TABLE XVII 

. 

Summary of Thermal Conduct ivi ty  C o e f f i c i e n t s  f o r  Gradient  T5-T4 

C o e f f i c i e n t  at Temp. OF 

2500 - 3000 - 3500 4000 4500 Run No.- 

76 (2.4) 2.6 4.6 16  -- 

7 8  2.2 2.6 5.0 1 2  -- 

85 -- 3.4 5.5 8 -- 
86 2.7 2.9 4.0 -- -- 

Average 2.4 2.7 4.3 11.1 -- 

90 4.4 

9 1  (5.0) 

93 3.7 

94 3.2 

Average 4. i 

5.4 

6.5 

4.5 

3.9 

5.1 
- 

8.0 13 (30) 
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TABLE X V I I I  

Summary of Thermal Conductivity Coef f i c i ent s  for  Gradient T5-T2 

Run No. 

76 

77 

3 8  

83 

84 

85 

86  

87 

Average 

90 

91 

93  

94 
A%? E ..ge 

Coeff ic ient  a t  Temp. OF 

3 . 1  

3 . 1  

3 . 1  

(2.5) 

2.5 

3 . 0  

4 .0  

3 . 1  

3.1 

5 . 0  

5 . 2  

5.3 

4.5 

5.0 
- 

5 0  

3000 

4.1 

4 . 3  

4.5  

3 . 4  

2 . 9  

4.5 

4 . 8  

5.1 

- 

4 . 2  

6 .8  

6 . 5  

6 . 8  

6 . 2  
6 . 6  

3500 

7 . 0  

- 

(7.2) 

7.5 

( 6 . 0 )  

-- 
( 7 . 3 )  

(8 .5 )  

( 8 . 3 )  

7.4 

1 0  

10 

10 

10 
10 
- 



TABLE X I X  

Summary of Thermal Conductivity Coeff ic ients  for Gradient T4-T1 

Coeff ic ient  a t  Temp. OF 
4000 2500 - 3000 - 3500 - Run No. - 2000 - 
-- 76 (3.7) 4.3 4.8 (5.2) 

77 

78 

-- -- 87 (3.4) 5.6 7.0 
-- Average 4.1 4.7 6.2 (5.2) 

90 (5.1) 7.5 

91 (4.4) 5.1 

93 (7.4) 7.9 

7.9 
Average (5.5 7. i 
94 (5. 0) - 
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TABLE XX 

Summary of T h e r m a l  C o n d u c t i v i t y  C o e f f i c i e n t s  for G r a d i e n t  T4-T3 

Run No. 

76 

77 

78  

83 

84 

' 85 

86 

87 
A v e r a g e  

90 

91 

93 

94 

A v e r a g e  

C o e f f i c i e n t  a t  Temp.  OF 
3000 3500 4000 - - 2500 - 2000 - 

(4.0) 5.3 5.4 5.2 -- 
5.0 

4.1 

-- 
-- 
-- 
4.7 

(2.4) 
4.0 

9.0 

(3.9) 

6.0 

5.5 
c 1  u. -L 

6.9 

4.2 

3.7 

3.1 

3.1 

5.3 

4.8 - 
4.6 

10.3 

4.2 

6.5 

7 .1  

7.0 
- 

8.5 

4.9 

-- 
(3.3) 

4.3 

6.3 

8.2 
5.8 
- 

1 2 . 2  

5,3 

7.9 

10.4 

9.0 

9.7 

8.4 

-- 
-- 

(6.7) 

-- 
(10.3) 

8.1 

14.5 

7.4 

10.5 

15.0 

11.8 
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21 

Mean Temperature, 

F igure  15. Average T h e r m a l  Conduct ivi ty  Curves for  
C aO-s t a b i l  ized Foams 

Gradient  T - T4 
X Gradient  T5 - T2 

A Gradient  T4 - T3 

0 Gradient  T4 - T1 

0 5 
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Mean Temperature, OF 

Figure 16. Average Thermal Conduct ivi ty  Curves f o r  
MgO- s t a b  i l i z e d  Foams 

Gradient  Tc; - T, 

X Gradient  T5 - T2 
Gradient  T4 - T3 

0 - 

Gradient  T4 - T1 
3 - 0-  Typica l  Curve f o r  k T  
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V 

A thermal conductivity curve with this shape could be pre- 
sumed to indicate that radiation was the sole mode of heat trans- 
fer. The fact that these curves show increasing "conductivity" 
with increasing temperature, and that they converge at the highest 
testing temperatures, do indicate that radiation is a significant 
component of heat transfer in these foams, although differences in 
shape and slope indicate that the conduction component is still 
finite. Radiation is also probably scattered and reflected by 
particle surfaces and pore walls. 

3.2.3 Relationships of Material Properties to Conductivity: 

Differences in conductivity would reasonably be considered 
to be associated with differences in density of the material. 
Figure 17 is a plot of thermal conductivity coefficients at 2500'F 
(from Table XIX, supplemented by data in Ref. 2)  against bulk den- 
sity of the foam. Foams with densities in the range 0.80-0.89 
show coefficients which vary from 3.7 to 7.9, and the three 
highest-density foams have coefficients which are neither very 
high nor very low. At the high level of porosity characteristic 
of foams, the effects of density do not seem to be as noticeable 
as would have been predicted. 

Since no effects are definitely attributable to density alone, 
the data of Tables XVII - )(x were grouped on the basis of compo- 
sition differences (Sec. 3.2.2.3). A density effect cannot be 
ruled out, but is masked by compositional and other variables. 

The upper curve for the calcia-stabilized zirconia (Fig. 15) 
shows an average csnduetivity &miat one-third lower than for the 
magnesia-stabilized foam (Fig. 16), but the latter curves extend 
reliably to higher temperature levels because of the higher strength 
of these foams. 

Some of the coefficients for three foams in which Mo metal 
was deposited by d e c m ~ p s i t i o n  of ammonium molybdate (Runs 83-85, 
Tables XVII-XX) have a slightly lower level than those without 
metal. However, these foams were not strong and did not permit a 
sufficient number of readings to allow good curves to be construc- 
ted and the scatter is sufficient to cast doubt on the efficacy 
of Mo additions to scatter radiation. 

The reason for the difference in conductivity level between 
zirconias stabilized by different additives is not clear. This 
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d i f f e r e n c e  might be a t t r i b u t a b l e  e i t h e r  t o  t h e  n a t u r e  of t h e  ad- 
d i t i v e ,  or t o  t h e  amount added, o r  t o  t h e  e f f e c t  of t h e  a d d i t i v e  
on t h e  z i r c o n i a  s t r u c t u r e ,  or t o  any combination of these. The 
l e v e l  of C a O  a d d i t i o n  was about 5.8 p a r t s  by w e i g h t  per  100 p a r t s  
Z r 0 2 ,  and X-ray d i f f r a c t i o n  analyses  ( R e f .  2) showed almost com- 
p l e t e  t ransformat ion  t o  t h e  c u b i c  s t r u c t u r e .  The l e v e l  of MgO 
a d d i t i o n  was 2.3 t o  3 - 4  p a r t s ,  and X-ray d i f f r a c t i o n  (Sec. 3.1.4.5) 
showed t h a t  s t a b i l i z a t i o n  w a s  only about 50-60% complete. 

Ryshkewitch (Ref. 20) p o i n t s  o u t  t h a t  calcium forms an i n t e r -  
mediate compound wi th  z i r con ia ,  namely t h e  z i r c o n a t e  CaZr03, where- 
as magnesium does not.  Calc ia  may form a sol id  s o l u t i o n  w i t h  z i r -  
conia  by a d i f f e r e n t  mechanism, a f f e c t i n g  i t s  thermal p r o p e r t i e s .  

3.2.4 R e l i a b l e  Conduct ivi ty  Coef f i c i en t s :  

The uppermost curves  of Figs. 15 and 1 6  r e p r e s e n t  i n  the  auth- 
or's judgment t h e  "best" average va lues  of thermal  conduc t iv i ty  for 
t h e  two d i f f e r e n t  z i r c o n i a  foam compositions. A t y p i c a l  z i r c o n i a  
foam s t a b i l i z e d  wi th  about 6% of added C a O  would be expected t o  
have t h e  fol lowing coefficients: 

Temperature, O F 

2000 
2500 
3000 
3500 
3750 
4000 

A s i n g l e  e x t r a p o l a t e d  varue o 20 a t  I 

BTU/f t 2 /h r / in / "  F 

4 

6 
8 1/2 

11 
15 

4 1 /2  

F w a s  obtaAnec , ,ut t h i s  
is of d.15icus accuracy. The low s t r e n g t h  of t h e s e  foams d i d  n o t  
permi t  r e l i a b l e  r ead ings  a t  t h e  d e s i r e d  high temperatures.  

A t y p i c a l  z i r c o n i a  foam s t a b i l i z e d  wi th  about 2 t o  3 1/2% of 
added MgO would be expected t o  have t h e  fo l lcwing  c o e f f i c i e n t s :  

Temperature, OF 

2000 
2500 
3000 
3500 
4000 

BTlJ/ft2/hr/in/" F 

6 
7 
9-10 

12-14 
18-20 

The c o e f f i c i e n t  a t  2500°F is s i m i l a r  t o  t h a t  r epor t ed  i n  R e f .  5 
(See Sec. 2 . 3 ) .  
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It  i s  i n t e r e s t i n g  t o  no te  t h a t  b o t h  sets of curves seem 
t o  converge a t  temperatures i n  t h e  range 4000-4500°F. It i s k  
d i f f i c u l t  t o  conceive how a c o e f f i c i e n t  ob ta ined  from a T5 - T2 
g r a d i e n t  could be s i g n i f i c a n t l y  g r e a t e r  a t  4500OF or  above than 
one obtained from a T4 - T1 gradien t .  It i s  more l i k e l y  t h a t  a t  
4500OF and above, t h e  r a d i a t i v e  h e a t  t r a n s f e r  is so r a p i d  t h a t  
t h e  h o t  f ace  of t h e  specimen i s  a t  almost t h e  i d e n t i c a l t e m p e r a -  
t u r e  as t h e  h e a t e r ,  and t h a t  e r r o r s  i n  us ing  T5 readings would ' 

approach zero. 

Accordingly,  a c o e f f i c i e n t  i n  t h e  range 25-30 seems reason- 
able f o r  a t y p i c a l  Mg-stabilized z i r c o n i a  foam a t  4500°F, based 
on t h i s  e x t r a p o l a t i o n  and convergence of curves. 

It should be emphasized t h a t  v a r i a t i o n s  between i n d i v i d u a l  
specimens w i l l  s t i l l  occur ,  because of d i f f e r e n c e s  i n  dens i ty .  
These v a r i a t i o n s  may change t h e  c o e f f i c i e n t  by a f a c t o r  of two. 

For comparison, t h e  c o e f f i c i e n t s  of o the r  oxide m a t e r i a l s  
a t  temperatures  above 2500OF a r e  g iven  i n  Table X k .  These w e r e  
determined a t  Southern Research I n s t i t u t e  (Ref. 21) and p e r t a i n  
t o  comparatively dense ceramics w i t h  p o r o s i t y  l e v e l s  of 10% o r  
less. Because they are dense,  t h e  r a d i a t i v e  component i s  smal l ,  
and t h e  curves  do n o t  rise sha rp ly  a t  high temperatures  a s  do t h e  
z i r c o n i a  foams. Zi rconia  foam i s ,  therefore, a better thermal  in-  
s u l a t o r  t han  dense z i r c o n i a  a t  temperatures  below' 3500°F, b u t  
above 4QOOOF i t s  conduc t iv i ty  is g r e a t e r  b u t  n o t  more than double. 
The sav ings  i n  weight ,  and t h e  lower conduc t iv i ty  a t  l o w  tempera- 
t u r e s ,  render  t h e s e  foams a t t r a c t i v e  m a t e r i a l s  f o r  high temperature 
t h e E K J 3 l  iiis ulat icn - 
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TABLE XXI  

Thermal Conductivity of Dense Refractory Oxides 
(.Ref. 21) 

Material 

B e 0  

2 

Hf02 

C e O  

Tho2 

Z r 0 2  

Conductivity, BTU/ft 2 /hr/in/OF, a t  Temp. O F  

4500 - 4000 - 3500 - 2 5'00 3000 - 
50-70 35-70 30-60 -- -- 

-- -- 6 6 ? 

18 18 18 18 -- 
45 35 35 40 -- 
11 10 10 -- -- 
10 11 12 13 1 5  

l -  
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4. SUMMARY and CONCLUSIONS 

F r e v i o u s  c o n t r a c t s  on t h i s  program a r e  reviewed: an appara- 
t u s  f o r  t h e  measurement of thermal conduc t iv i ty  by a r a d i a l  heat-  
f low method, and a method of formulating z i r c o n i a  foam w i t h  up t o  
90% p o r o s i t y  w e r e  deve loped3  The foams had l o w  c m d u c t i v i t y  b u t  
f a i l e d  when measurements above 3500-4000°F w e r e  attempted because 
of t h e i r  l o w  s t r eng th .  Attempts t o  reduce t h e  h e a t  t r a n s f e r  co- 
e f  f i c i e n t s  by inco rpora t ing  r a d i a t i o n  b a r r i e r  phases had only 
l i m i t e d  success.  

The o b j e c t i v e s  of t h e  p re sen t  c o n t r a c t  a r e  two-fold: improve 
t h e  high-temperature s t r e n g t h  of t h e s e  foams, and ob ta in  r e l i a b l e  
conduc t iv i ty  d a t a  t o  4500°F. 

A v a r i e t y  of means f o r  improving s t r e n g t h  w e r e  i nves t iga t ed .  
Reinforcement wi th  z i r c o n i a  fibers provided a s l i g h t  s t r e n g t h  in- 
c r e a s e ,  b u t  no t  s u f f i c i e n t :  zirconium meta l  a d d i t i o n s  d i d  not  in -  
crease s t r e n g t h  and are expensive; modi f ica t ions  t o  t h e  p a r t i c l e  
s i z e  d i s t r i b u t i o n  a l s o  proved t o  be i n e f f e c t i v e .  Although v a r i a -  
t i o n s  i n  t h e  o rgan ic  b inde r  system w e r e  found t o  a l t e r  t h e  dry ing  
c h a r a c t e r i s t i c s  and t h e  green s t r e n g t h  of t h e  foams, they c o n t r i -  
bu ted  no permanent s t rengthening  a f t e r  f i r i n g .  Zirconium d i b o r i d e  
a d d i t i o n s  oxidized r a p i d l y  and weakened t h e  foam s t r u c t u r e .  Coat- 
i ngs  of m e t a l l i c  M o  d i d  not  improve s t r e n g t h ,  although they may 
have reduced thermal  conduct iv i ty  t o  a s l i g h t  degree. C o l l o i d a l  
s i l i c a - b a s e  bonds w e r e  i nves t iga t ed  b r i e f l y ,  b u t  t h e i r  foaming 
-. Droperties w e r e  poor and t h e i r  s i l i c a  con ten t  renders  them una t t r ac -  
t i v e .  

[Major improvement i n  t h e  high-temperature s t r e n g t h  of z i r -  
con ia  foams was success fu l ly  achieved by t h e  development of mag- 
nesium oxychlor ide and oxysul fa te  bonds, which pravide  a slower 
hardening a c t i o n  al lowing , f u l l  foaming a c t i o n  and a l s o  s t a b i l i z e  
t h e  z i r c o n i a  on f i r i n g .  Modulus of rup tu re  va lues ,  a l though de- 
pendent on foam d e n s i t y ,  were s i g n i f i c a n t l y  higher  t h a n  w i t h  czlcia- 
s t a b i l i z e d  foams3  An average s t r e n g t h  of 349 PSI was obtained from 
t e n  samples wi th  d e n s i t i e s  i n  the range 0.90 t o  1.09 g/cc, by f i r i n g  
t o  only 155OOC. Two foams had s t r e n g t h s  over 700 P S I .  

Shapes t h e  s i z e  of a b r i c k  can be prepared e a s i l y .  A l l  pa- 
rameters  f o r  making such foams t o  s p e c i f i e d  d e n s i t i e s  i n  a repro-  
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duc ib le  manner have not  been e n t i r e l y  reso lved ,  a l though t h e  ef- 
f e c t s  of changing t h e  percentage of water and foaming agent  a r e  
e s t ab l i shed .  Rapid oven drying d e f i n i t e l y  reduces both  s t r e n g t h  
and dens i ty .  Wi th  2 t o  4% equ iva len t  MgO con ten t ,  t h e  z i r c o n i a  
i s  s t i l l  l a r g e l y  uns t ab i l i zed .  

[The second o b j e c t i v e ,  ob ta in ing  r e l i a b l e  h e a t  t r a n s f e r  mea- 
surements t o  4500°F, was g r e a t l y  a ided by t h e  s u c c e s s f u l  improve- 
ments i n  s t r eng th .  For t h e  f i r s t  t i m e ,  us ing MgO-stabilized foams, 
h e a t e r  temperature could be measured a t  25OOOC (4532OF) without  
deformation o r  f r a c t u r e  of t he  specimen and thermal conduc t iv i ty  
d a t a  o b t a i n e d . 3  

A l l  thermal c o n d u c t i v i t i e s  measured i n  t h i s  c o n t r a c t  w e r e  re- 
c a l c u l a t e d  t o  o b t a i n  c o e f f i c i e n t s  f o r  mean temperatures over four  
d i f f e r e n t  thermal  g rad ien t s .  
s c a t t e r  and permi t ted  smooth curves t o  be constructed.  Discarding 
those  readings i n  which t h e  hea te r  temperature was used a s  one 
r e f e r e n c e  temperature e l imina ted  e r r o r s  which had caused an anoma- 
l o u s l y  low conduc t iv i ty  curve,  a l though these  errors apparent ly  
approach z e r o  a t  4000OF and above. 

Using a wider g r a d i e n t  reduced t h e  

Although v a r i a t i o n s  i n  d e n s i t y  of the  foam probably c o n t r i -  
b u t e  t o  d i f f e r e n c e s  i n  conduc t iv i ty  va lues ,  it w a s  noted t h a t  t h e  
major cause of v a r i a t i o n  was a s s o c i a t e d  w i t h  d i f f e r e n c e  i n  com- 
p o s i t i o n .  
500°F i n t e r v a l s ,  al lowing "average" thermal conduc t iv i ty  curves  t o  
be drawn f o r  bo th  c a l c i a - s t a b i l i z e d  and magnesia-s tabi l ized z i r -  
con ia  foams. The l a t t e r  have conduc t iv i ty  va lues  which are ha l f  
aga in  as high as t he  former. This degree of d i f f e r e n c e  may be due 
t o  t h e  na tu re  of t h e  a d d i t i v e ,  t h e  amount, i t s  e f f e c t  wii  s t r u c t u r e  
or  a combination of these f a c t o r s .  

The d a t a  w e r e  grouped on t h i s  b a s i s  and averaged a t  

Using t h e  mean temperature for each g r a d i e n t  reading d i d  not  
permi t  conduc t iv i ty  t o  be  determined d i r e c t l y  t o  temperatures  higher  
t han  about 3709OF. 
curves  obtained from s e v e r a l  g r a d i e n t s  above 40OO0F, it is believed 

sonable  va lue  for a t y p i c a l  magnesia-s tabi l ized z i r c o n i a  foam a t  
4500OF. V a r i a t i o n s  i n  dens i ty  and o the r  c h a r a c t e r i s t i c s  may change 
t h e  coeff ic ient  by a f a c t o r  of t w o ,  e s p e c i a l l y  a t  i n t e rmed ia t e  t e m -  
p e r a t u r e s .  

Emever, b y  e x t r a p o l a t i o n  and from t h e  convergent 

t h a t  a thermal  conduc t iv i ty  of about 25-30 B T U / f t  2 /hr/in/OF i s  a rea- 

P 

Lcomparison w i t h  thermal conduc t iv i ty  da t a  on dense r e f r a c t o r y  
oxide  ceramics shows t h a t  these z i r c o n i a  foams a r e  supe r io r  a s  
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thermal  i n s u l a t o r s  up t o  3500'F over a l l  dense oxides except  
poss ib ly  ceria:) The high po ros i ty  causes  inc reases  i n  r a d i a t i v e  
hea t  t r a n s f e r s p p r o a c h i n g  t h e  t h e o r e t i c a l  rate: however, t h i s  
r a t e  of i n c r e a s e  i s  apparent ly  a t t e n u a t e d  by g r a i n  boundary 
s c a t t e r i n g  by t h e  p a r t i c l e s  and a l s o  by r e f l e c t i o n  f rom t h e  pore  
wal l s .  A t  4500°F, z i r c o n i a  foam has a h e a t  t r a n s f e r  c o e f f i c i e n t  
no more than double t h a t  of dense z i r c o n i a ,  b u t  i t s  l o w  d e n s i t y  
makes it a t t r a c t i v e  f o r  m n y  app l i ca t ions .  
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5 . REXOMMENDATIONS 

5.1 Zirconia foams should be stabilized with about 3% equivalent 
MgO, added as an oxychloride or oxysulfate cement; these can 

be fired at more economical temperatures to yield a fine pore 
structure, porosities in the range 80-85%, and high bond strength 
permitting use at hot face temperatures of 4500OF. 

5.2 Parameters for the reproducible production of such foams 
should be established. 

5.3 Thermal conductivity measurements should be made on an appa- 

a long dimension, with the object of measuring conductivity di- 
rectly at mean temperatures approaching 4500OF. 

ratus modified to provide a small temperature difference over 

5.4 Other means of producing foam structures by high-temperature 

presumably be even stronger. 
bubble formation should be investigated; such foams would 

5.5 The thermal cycling ability of these foams should be investi- 
gated, and correlated with the degree of stabilization. 
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